Receptive fields (RFs) in the visual cortex are characterized by spatiotemporal profiles that have been described in detail for area 17 simple cells. In this study, we analyse spatial and temporal RF properties of simple and complex cells in layer II/III of area 18 of the anaesthetized adult cat, using the reverse correlation method with brief 50 ms presentations of flashing bright and dark bars. Stimuli were presented with preferred orientation as previously determined by moving bars. Simple cell RFs were characterized by spatially and temporally separable ON and OFF subfields, while in complex cells ON and OFF subfields were superimposed. To discriminate possible contributions of GABAergic inhibition to RF structure and response dynamics in area 18, we have used three-barrelled micropipettes for single cell recordings and microiontophoresis, and have documented ON and OFF responses before, during and after application of bicuculline methiodide for blockade of GABA A receptors. During blockade of GABAergic inhibition, the stimulus-induced and resting discharge frequency increased, and in about 50% of the cells both ON and OFF subfields changed significantly in space and/or time in a reversible manner. In space, blockade of inhibition widened RF subfields, whereas in time, it shortened the duration of the excitatory cell response in simple and complex cells. ON and OFF subfields separated in space and time (simple cells), or time (complex cells) became less isolated or even superimposed. The results indicate substantial local inhibitory processing contributing to spatiotemporal RF properties in layers II/III of area 18 of the cat.
Introduction
Cells in the cat striate cortex are distinctly different from subcortical neurons in terms of their specificity for orientation, direction and spatial frequency (Hubel & Wiesel, 1962; Maffei & Fiorentini, 1973;  for review see Orban, 1984) , as well as the spatial structure of their receptive fields (RFs) with regard to ON/OFF and excitatory/inhibitory regions, respectively (Hubel & Wiesel, 1959 , 1962 Jones & Palmer, 1987a , 1987b Jones et al., 1987; Ferster, 1988) . Recently, more detailed spatiotemporal RF characteristics became measurable with the so-called RF-cinematogram technique (Eckhorn et al., 1993) and reverse correlation analysis (DeAngelis et al., 1993a (DeAngelis et al., , 1993b (DeAngelis et al., , 1995 McLean et al., 1994) . Latency, duration and dynamic localization in the space of excitatory ON and OFF regions are described in detail for simple cells in area 17 of the cat (DeAngelis et al., 1993a (DeAngelis et al., , 1993b . The spatiotemporal properties of area 18 simple cells have been briefly described in relation to the specification of local motion for area 18 cells RFs (McLean et al., 1994) . So far, there is no quantitative description of the spatiotemporal characteristics of area 18 cells comparable to the simple cell analysis in area 17 by DeAngelis et al. (1993a DeAngelis et al. ( , 1993b . In general, RF organization and functional properties appear to be very similar in cat areas 17 and 18, although some properties, e.g. RF size, response to higher velocities or length visual cortex (Sato et al., 1995 (Sato et al., , 1996 . Furthermore, blockade of GABAergic inhibition has revealed inhibitory contributions to the spatial organization of ON and OFF subregions in area 17 simple cells (Sillito, 1975b; Eysel & Shevelev, 1994) . In cat area 18, only small effects on orientation and direction specificity have been reported, but a substantial broadening of temporal frequency tuning after blockade of GABAergic inhibition has been observed (Vidyasagar & Heide, 1986) .
In our present approach to investigate the contribution of local inhibitory processes to the spatiotemporal RF properties in layers II/ III of area 18, we have combined the reverse correlation technique for dynamic RF mapping (DeAngelis et al., 1993a) with microiontophoresis of the GABA A antagonist bicuculline. Significant changes of spatiotemporal RF structure during blockade of GABAergic inhibition were observed in many cells. While about half of the RF subfields widened between 25 and 160% in simple cells, and between 15 and 75% in complex cells, the segregation of ON and OFF subfields in simple cells was strongly reduced or completely lost, and simple cells developed complex cell properties with overlapping ON and OFF subfields. In most simple and complex cells, the response duration shortened significantly, and in half of the simple cells the late antagonistic response disappeared.
Materials and methods

Preparation and maintenance of animals
Adult cats (2.9-5.3 kg) were initially anaesthetized with 1.0 mL i.m. Ketanest ® and 0.2 mL i.m. Rompun ® . Tracheotomy was performed for artificial respiration with a gas mixture of O 2 /N 2 O (30:70) and 0.2-0.4% halothane. The femoral artery was cannulated for infusion (6 mL/h) of a Ringer solution containing 0.15 mg/(kg·h) alcuronium chloride (Alloferin ® ) for paralysis and 1.25% glucose for nutrition. Body temperature, arterial blood pressure and end-expiratory CO 2 were monitored and kept at 38.5°C, 80-140 mm Hg and 3.8-4.2%, respectively.
A craniotomy (approx. 8 ϫ 5 mm) at Horsley-Clarke coordinates P1-A7, L1-L6, was performed to expose area 18. A small part of the dura was removed to insert the electrode into the cortex between HC coordinates A0-A6 and L2-L4.
Mydriasis and retraction of the nictitating membranes was achieved by application of atropine sulphate (1%) and phenylephrine hydrochloride (5%). Contact lenses without refractive power were inserted to prevent drying out of the cornea, and lenses of appropriate refraction were placed in front of the eyes to focus on the stimulation screen at 28 cm distance.
Electrophysiology and iontophoresis
Three-barrelled borosilicate glass micropipettes (with filament; outer diameter: 1.50 mm, inner diameter: 0.75 mm) were pulled to a final total outer tip diameter of about 10 µm. In bicuculline solution (see below), the resistance of the capillary was 20-30 MΩ. For electrophysiological recordings, one capillary was filled with 3 M NaCl solution. Voltage signals were enhanced by a pre-amplifier (M-707, World Precision Instr., New Haven, CT, USA) and a differential amplifier (5A22N, Tektronix, Beaverton, OR, USA). A window discriminator (WPI 121, New Haven, CT, USA) converted voltage events reaching a defined threshold into trigger signals (ϩ5 V amplitude, 0.1 ms duration) serving as activity signals for the RF mapping software. For setting the appropriate threshold for spike detection, an oscilloscope (HM 208-1, Hameg Instr., Frankfurt/M., Germany) was used.
For bicuculline application, an iontophoresis pump (Neurophore BH2, Medical Systems Corp., Great Neck, NY, USA) was used. Two of the three glass capillaries of the micropipette were filled with a solution containing 5 mM bicuculline methiodide and 165 mM NaCl (pH 3.0). The retaining current was set to -15 nA at each barrel. For iontophoretical bicuculline injection, a current between ϩ10 and ϩ15 nA was applied at each barrel (total ejection currents between 20 and 30 nA). This amount of GABA iontophoresis led to strongly increased visual responses (on average by a factor of 5.7, range 2.1-22.0) and less pronounced increases in background activity (average factor of 3.5, range 0.43-8.85) without inducing burst discharge patterns. These increases in visually evoked and maintained activity were considered as evidence for the effective blockade of GABAergic inhibition (Sillito, 1975a) . Because the positive ejection current alone leads to a hyperpolarization of the cell membrane, this could not account for the increased excitability during microiontophoresis.
Histology
At the end of the experiment, the animal was killed with an overdose of barbiturate (Pentobarbital-Na) and perfused with phosphate-buffered 4% paraformaldehyde (pH 7.4). After cryoprotection with 30% saccharose, 30 µm frozen serial sections were cut from a block of tissue containing the recording sites. The sections were counterstained with Cresyl violet and the electrode tracks reconstructed. Recording positions were determined from the depth of penetrations measured during the experiment and electrode tracks reconstructed from the fixated material. The laminar location of the recording sites was determined according to cytoarchitectonic criteria (Sanides & Hoffmann, 1969) .
Stimulus presentation and RF mapping
An IBM-compatible personal computer was used for controlling the 'Picasso' image synthesizer (Innisfree, Cambridge, MA, USA) presenting visual stimuli on an oscilloscope (608, Tektronix, Beaverton, OR, USA). To determine the preferred orientation, bright bars (5.0 cd/m 2 on a 0.23 cd/m 2 background) were moved perpendicular to their orientation (22.5°steps in random order) and polar diagrams were plotted on the basis of maximal discharge frequency within one bin (bin width of 20 ms) computed from five trials.
During receptive field mapping, stationary bright (49.5 cd/m 2 ) and dark (10.5 cd/m 2 ) bars of optimal orientation were presented on a background of intermediate intensity (28.5 cd/m 2 ) on a 40 ϫ 40 grid (corresponding to 16°ϫ 16°of visual angle). At each grid position, exactly one bright and one dark stimulus appeared for 50 ms in random order. This stimulus protocol (3200 stimuli at 1600 positions) was applied eight times (total duration: 21 min). The stimulus size was adapted individually for optimal cell response and varied between 0.2°ϫ 2°and 0.4°ϫ 4°. A smaller stimulus length did not evoke sufficient cell responses. Thus, the spatial resolution was 10-fold lower in the y-than x-direction, and RFs could only be mapped with lower spatial resolution along the y-axis. This type of stimulus did not seem to be suited to evoke a response from outside the 'classical receptive field', therefore we did not extend our tests into more peripheral regions, but concentrated on the classical receptive field like other reverse correlation studies.
Data analysis
For each of the 3200 stimuli presented on the 40 ϫ 40 grid (see above), we analysed the RF in a time range of t D ϭ 200 ms (Fig. 1 , t D ϭ 0 ms corresponded to the stimulus onset time). Because we were interested in RF dynamics including latency values, it was necessary to establish a good temporal resolution. Therefore, the cell activity was analysed in 10 ms time windows (Fig. 1, t w ) . To document our results in 'x-y-plots', we accumulated the number of spikes counted in the time window t W in a map of 40 ϫ 40 positions corresponding to the position of the visual stimulus within the 16°ϫ 16°field t D ms earlier. Separate x-y-plots were computed for bright and dark stimuli. Each x-y-plot showed the spike count for a constant delay time, i.e. the time after onset of a stimulus at the specific x-y-position. This analysis is equivalent to that applied by DeAngelis et al. (1993a) and Ohzawa et al. (1996) when t W is set equal to the stimulus duration. As indicated in Fig. 1 by the bidirectional arrow (t D ), the reverse correlation is mathematically equivalent to calculating a forward correlation.
To obtain spatiotemporal RF profiles, we integrated the activity in the y-direction, i.e. parallel to the preferred orientation axis, resulting in only one activity value for each x position. x-t-plots were then constructed from a time series of these x-plots with t D from 0 to 200 ms. With this form of data presentation, spatial and temporal changes of the RF can clearly be detected (DeAngelis et al., 1993a) . To correct the results for background activity, we determined the average activity during visual stimulation in an area of 1.6°ϫ 16°o utside the RF. This mean background activity was subtracted from all activity values within the corresponding map.
Receptive fields (RFs) and ON/OFF subfields (RSFs) obtained from control recordings and during bicuculline microiontophoresis were quantified in terms of width and duration, and bicuculline effects were tested for statistical significance using the t-test (Table 1) . We ascertained by repeated recordings before bicuculline application that no changes similar to those obtained with bicuculline were occurring spontaneously in individual cells. RF mapping after cessation of microiontophoresis revealed complete or partial recovery from the bicuculline effects, depending on the recording time available.
Results
We investigated cortical neurons in area 18 at a depth of between 200 and 850 µm. The recording sites were localized in layers II/III as determined from reconstructions of the electrode tracks in Nisslstained sections. The RFs were localized in the contralateral lower visual field at eccentricities between 5°and 12°. We analysed the excitatory cell response to monocularly presented bright ('ON response') and dark ('OFF response') stimuli from 14 cells of seven cats. We distinguished between RFs and RSFs: the RF is the part of the retina or visual field from which a response of a cell can be elicited, while the RSFs are regions characterized by ON or OFF responses; one RF could have more than one ON or OFF subfield. RSFs could be superimposed or separated not only in the spatial, but also in the temporal domain (see below).
We classified a cortical cell as a 'simple cell' if, during presentation with stationary flashes, its ON and OFF spatiotemporal subfields were separable in space. For 'complex cells', ON and OFF subfields were superimposed at the same spatial position (Hubel & Wiesel, 1962;  for review see Orban, 1984) .
Spatiotemporal RF properties of area 18 neurons
All cells used for spatiotemporal analysis exhibited a pronounced orientation selectivity. Cell responses obtained with stimuli of optimal orientation took place within a time interval smaller than 200 ms. Therefore, we selected a time window between 0 and 200 ms to present our spatiotemporal data. Figure 2 shows a typical example of spatial RF profiles recorded from a simple cell in a series of 10 ms time windows at different times after stimulus onset. The response to bright and dark stimuli began about 30 ms after stimulus onset at two distinctly different locations defining the separated ON and OFF subfields of the RF ( Fig. 2A) . In a transition period beginning at 70 ms, the response to the bright stimulus appears in two locations -on both sides of the dark response, while the dark response is still at its original location. At 120 ms, the two responses have changed place; the dark response is in the position of the primary bright response and vice versa.
In the complex cell shown in Fig. 3 , the bright and dark responses also began after 30 ms, were fully expressed after 40 ms ( Fig. 3A) and lasted for more than 70 ms. The spatial extent of the subfields was larger than in the simple cell, and the spatial domains of both responses were overlapping in each time window.
While the spatial response profiles of the simple and complex cell were different as expected, the temporal profiles were comparatively similar. The responses of both cell classes consisted of an early and a late phase, and lasted for more than 140 ms after stimulus onset. Figure 4 demonstrates in detail the temporal characteristics of the simple cell shown in Fig. 2 . The two-dimensional x-t-plots show the bright and dark responses changing place after 75 ms in the simple cell, and the activity profiles in the middle of the figure very clearly show the early response peaks at about 33 ms and the separated peaks of the late phase at about 115 ms for both the bright and dark response (see arrows) under control conditions (left part of Fig. 4) .
The largely overlapping ON and OFF subfields of the complex cell (same cell as in Fig. 3 ) are shown in more temporal detail in Fig. 5 . The ON and OFF subfields were only separated for a short period of time between 45 and 68 ms, as visible in the two-dimensional x-t-plot. As in the simple cell, the activity profiles exhibit the clearly separated peaks of the early and late response phases at about 30-33 ms and approximately 107 ms.
Typically, after a delay of approximately 30 ms, the responses to bright and dark stimuli defined clearly separated ON and OFF Significance levels for bicuculline-induced changes (t-test): *P Ͻ 0.05; **P Ͻ 0.025; ***P Ͻ 0.01; ****P Ͻ 0.005.
subfields in the simple cells (control in Figs 2A and 4) , and superimposed subfields in the complex cells (control in Figs 3A and 5). This primary response remained strong for 40-50 ms. Thereafter, the initial response declined, and in simple cells a late response of the same polarity appeared in a different spatial position while a response of the opposite polarity developed at the same spatial position. In most complex cells, a late response to bright and/or dark stimuli appeared at the same position in the RF (control in Figs 3A and 5). After about 120-170 ms, the RFs disintegrated in both cell classes. Figure 6 shows sketches of the spatiotemporal RF configurations of five simple (A-E) and seven complex cells (G-M). In all cells, subfields were separable in the space and/or time domain. Individual subfields in area 18 simple cells were always oriented parallel to the t-axis of the x-t-plot (Fig. 4) . Thus, in our sample of area 18 cells, we did not have simple cells with space-time inseparable RFs. In the spatial domain, RFs with ON and OFF responses at the same spatial position (complex cells; 8/14 ϭ 57%), and different spatial positions (simple cells; 6/14 ϭ 43%) could be identified. As a rule, one ON and one OFF subfield was observed in the primary response of simple and complex cells (Fig. 6A-C ,E,G-M). One simple cell displayed two ON and two OFF subfields (Fig. 6D) . In one simple and one complex cell, only one dominant response was observed under control conditions (cells F and N, not shown in Fig. 6 ). The mean width of the total RF size was similar in simple (7.5°Ϯ 3.6°) and complex cells (7.0°Ϯ 1.7°). However, RF ON subfields had a significantly smaller size in simple than in complex cells (Table 1 ). The spatial position of the later parts of the RF response resembled that of the primary response, but the response polarity of RF subfields changed with time in simple cells (see below).
In the temporal domain, all cells except one complex cell (Fig. 6H ) were characterized by an early primary and late secondary response. The late response consisted of ON and/or OFF subfields. In all simple cells, the spatial position of the ON and OFF subfields changed with time ( Fig. 6A-E) , whereas the spatial positions of subfields of complex cells remained unchanged (Fig. 6G,I-M) . The delayed second part of the simple cell response was of opposite polarity to the primary response at the same spatial position, i.e. a primary ON response was followed by an OFF response at the same spatial position and vice versa.
To quantify the temporal parameters of the RF, we analysed the latency (the delay between stimulus onset and the first appearance of the RF), the time to peak of the first response, the delay between the primary and secondary response peaks, and the total duration of the subfield responses. All these values were not significantly different for simple and complex cells. The mean latency ranged between 34 Ϯ 6 ms for bright and 31 Ϯ 8 ms for dark stimuli. The mean time to peak was 50 Ϯ 10 ms for bright and 50 Ϯ 12 ms for dark stimuli, and the mean delay between the first and second response (peak to peak) was 74 Ϯ 23 ms for bright and 75 Ϯ 21 ms for dark stimuli. The total duration of the RFs was on average 138 Ϯ 22 ms. Under bicuculline, the mean width of the RFs of simple and complex cells did not change significantly: 7.8 Ϯ 1.9°as compared to 7.0 Ϯ 2.6°under control conditions. After recovery, the average RF size was 6.8 Ϯ 1.8°. In contrast, due to dramatic changes in about 50% of the cells, the size of the ON and OFF subfields changed significantly (P Ͻ 0.025, t-test), for ON subfields from 4.6 Ϯ 1.6°t o 5.9 Ϯ 1.2°, and for OFF subfields from 5.5 Ϯ 1.6°to 6.9 Ϯ 2.0°, respectively. This effect was reversible. Figure 7 shows the relative changes in width for the dominant ON and OFF RF subfields for all simple (A-F) and complex cells (G-N). Although the relative effects of bicuculline on subfield width were strongest in two simple cells, there was no significant statistical difference in this effect between simple and complex cells in our sample.
Effects of bicuculline on spatial RF properties
The most dramatic qualitative change was observed in simple cells, where the typically separated ON and OFF subfields enlarged significantly and became spatially overlapping or completely superimposed under the action of bicuculline (Figs 2, 4 and 6A,B,D,E). Only one simple cell (Fig. 6C ) maintained two spatially separable subfields for ON and OFF.
Effects of bicuculline on RF dynamics
In the temporal domain, most cells displayed changes during GABA A receptor blockade by bicuculline. In both the simple and complex cells (Figs 2-5 ), bicuculline caused a drastic shortening of the duration of the RF. Again, with respect to temporal effects, RFs of simple and complex cells did not yield any significant difference. In both cell classes, during application of bicuculline there were no significant changes in latency or time to peak of the primary response; the averaged latencies for simple and complex cells were 36.4 Ϯ 5.8 ms to bright and 36.8 Ϯ 6.8 ms to dark stimuli, and times to peak were FIG. 4 . Normal x-t-plots and bicuculline-induced changes in the temporal and spatial appearance of a simple cell RF evoked by bright (top) and dark (bottom) stimuli. Same cell as in Fig. 2 . Each box includes the same set of data with two different views. The upper one gives a better spatial and the lower one a better temporal presentation. The ordinate gives the number of spikes at the respective x-position in a 10 ms time window cumulated from eight trials and integrated across all y-positions. A schematical view of the x-t-plot indicates the borders of ON (white) and OFF (black) subfields under control conditions (left), in the presence of bicuculline (right) and after bicuculline injection (right, recovery). No quantitative differences within the receptive subfields are shown. The stimulus size was 0.4°ϫ 4°. Under bicuculline, the RF subfields widened from 2°to 6°and 2°to 5°for bright and dark stimuli, respectively. The late response to bright and dark stimuli is completely missing under bicuculline (see arrows). Both bicuculline-induced effects, broadening in space and shortening in time, disappeared after termination of microiontophoresis (sampling starts 3 min after end of bicuculline application). 50.0 Ϯ 9.1 ms with ON and 52.1 Ϯ 8.0 ms with OFF stimuli (for comparison see control values above).
The most prominent qualitative change observed in RF dynamics during application of bicuculline was the reversible shortening of the RF duration or even loss of the late part of the response (Figs 2-6 ). About half of the cells lost the second part of the response, and the total duration of all RFs decreased significantly (P Ͻ 0.005, t-test) from 138 Ϯ 22 ms to 97 Ϯ 33 ms. Comparable significant changes were measured for ON and OFF subfields (Table 1) . Only in one simple cell did the late OFF response remain with only little change in the spatiotemporal domain (Fig. 7A, duration) , while the spatial separation of subfields was totally lost in the primary response (Fig. 6A) . In another simple cell (Fig. 6C) , the duration of the RF decreased slightly while all subfields remained separable. Three complex cells displayed shortening of RF duration without loss of the late response (Fig. 6I,J,L, off) , and one complex cell remained nearly unchanged in the temporal domain (Figs 6M and 7M, duration) .
Discussion
Spatiotemporal properties of area 18 cells
The spatiotemporal properties of simple cells (DeAngelis et al., 1993a (DeAngelis et al., , 1993b Ohzawa et al., 1996) and the two-dimensional spatial structure © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3596-3606 of complex cells (Ohzawa et al., 1990; Szulborski & Palmer, 1990) have so far been investigated with the reverse correlation method only in area 17 of the cat. For simple cells in layers II/III of area 18, we have observed properties in the spatiotemporal domain very similar to those described in great detail for area 17 (DeAngelis et al., 1993a (DeAngelis et al., , 1993b (DeAngelis et al., , 1995 . Both spatiotemporal RF-types (space-time separable and inseparable) described in area 17 simple cells (DeAngelis et al., 1993a) were also observed in area 18 simple cells (McLean et al., 1994) . In our sample, all simple cells had space-time separable RFs. This is in part due to the short 10 ms time windows used in this study. When analysed with 50 ms time windows (as used in the above-cited studies), one of our simple cell RFs became spacetime inseparable.
In the following, we compare our quantitative results from area 18 with those obtained with a comparable approach in area 17 (DeAngelis et al., 1993a (DeAngelis et al., , 1993b Ohzawa et al., 1996) .
In the spatial domain, the area 18 cells were wider by approximately a factor of 3 in comparison to the area 17 cells. A quantitatively similar difference between RFs of the two areas was also observed by McLean et al. (1994) . The larger RF sizes of the area 18 cells could be explained by the larger eccentricity of the area 18 recordings and the generally larger RF width in area 18 (for review see Orban, 1984) . Fig. 3 . Under bicuculline, the width of the RF slightly increased from 6°to 7°for dark stimuli and remained unchanged for bright stimuli near 5°. The late responses to bright and dark stimuli are totally abolished under bicuculline (see arrows under control conditions and with bicuculline). All details as in Fig. 4 .
FIG. 5. x-t-plots of the complex cell shown in
In the temporal domain, the RFs of area 18 cells had average latencies between 31 and 34 ms. Since we used a higher temporal resolution in our analysis (see Fig. 1 , t w ; time window of 10 ms instead of 50 ms), these values cannot be compared with those of DeAngelis et al. (1993a) and Ohzawa et al. (1996) . The average time to peak of the primary response represents the only clear difference between area 17 and 18 simple cells; it is shorter in area 18 (50 ms) than in area 17 (68 ms). The shorter latency in area 18 could be explained by the fact that area 18 receives its main subcortical input from Y-cells in the LGN (Garey & Powell, 1971; Geisert, 1980; Harvey, 1980; Bullier et al., 1984; Ferster, 1990a Ferster, , 1990b Dreher et al., 1992) , while the principal inputs from the LGN to area 17 are of the X-type (Ferster, 1990a; Burke et al., 1992) . The average total RF duration of area 17 simple cells (139.6 ms) measured by DeAngelis et al. (1993a) was practically identical to that found here in area 18 (138 ms). With respect to the parameters measured in this study in area 18, we did not observe significant differences between simple and complex cells, with one exception: the width of RF ON subfields was smaller in simple cells.
Influence of blockade of GABAergic inhibition
Motivated by the similarities in spatiotemporal RF properties between area 17 and area 18, we blocked GABAergic inhibition at the cells under study (Sillito, 1975a (Sillito, , 1975b (Sillito, , 1979 Tsumoto et al., 1979) to uncover effects of local inhibitory processing in layers II/III of area 18.
© 1998 European Neuroscience Association, European Journal of Neuroscience, 10, [3596] [3597] [3598] [3599] [3600] [3601] [3602] [3603] [3604] [3605] [3606] Local blockade of GABAergic inhibition with microiontophoretically applied bicuculline provided additional evidence that the spatiotemporal RF structure of many if not all area 18 cells is not simply transmitted from their main input sources, area 17 and lateral geniculate nucleus, but are generated by de novo neural computation in layers II/III of area 18 with substantial contributions of intracortical GABAergic inhibition. However, due to the inherent properties of extracellular iontophoresis of bicuculline, we cannot discriminate whether the effects are due to blockade of all or only part of the GABAergic synapses at the cell under study, and to what extent disinhibition of the surrounding cells is involved. The amount of bicuculline delivered during iontophoresis and the radius of diffusion is proportional to the product of ejecting current and ejecting time (see Hicks, 1984) . In our case, ejecting currents were comparatively low, but ejecting times were quite long (22-25 min). Therefore, we assume that GABAergic inhibition at the cell under study was substantially blocked, however, we cannot exclude that nearby cells were disinhibited as well.
The bicuculline effects have been differentiated from possible spontaneous changes by testing the amount and sign of such changes before application of bicuculline (the small spontaneous changes in RF width and duration had variable signs, increases and decreases were of similar probability), and by demonstrating the reversibility of the effects during recovery from drug application.
Two main effects of bicuculline were observed in the spatial and temporal domain, respectively: on the one hand, ON and OFF fields widened in space, most prominently in simple cells where they became strongly overlapping or even completely superimposed like in complex cells; on the other hand, RFs and RF subfields shortened in duration and often lost the late response part completely.
Spatial aspects of bicuculline effects
During bicuculline application, simple cell ON and OFF subfields became nearly inseparable in space (Figs 2B, 4 Bicu and 6A, B, D, E) , and now exhibited response patterns similar to complex cells (compare Fig. 2B to Fig. 3) . A bicuculline-dependent loss of separable ON and OFF fields in simple cells has also been observed in cells of cat area 17 (Sillito, 1975b; Eysel & Shevelev, 1994) . Subthreshold OFF inputs in ON subregions and ON inputs in OFF subregions (Ferster, 1988) appear to be suppressed by iso-orientation inhibition in simple cells.
In the somatosensory cortex of the cat and rat, the bicucullineinduced enlargement of the RFs and broadening of the tuning properties are discussed in terms of subthreshold inputs of intercolumnar connections that are enhanced by bicuculline application (Dykes et al., 1984; Kyriazi et al., 1996) . The same effect can be assumed in the cat visual cortex. Kisvárday et al. (1996) have computed the distribution of excitatory and inhibitory boutons in the visual cortex (area 18, layers II/III) in relation to the map of orientation preferences and found, apart from the well known patchy connectivity between iso-orientation columns, a considerable amount of excitatory inputs connecting oblique and cross-oriented regions that at the same time are strongly innervated by the long ranging inhibitory connections of large basket cells. Blockade of GABAergic inhibition should unmask these excitatory inputs from a broader topographical range and lead to an increase of RF size. In addition, there is considerable convergence of divergent subcortical inputs (Freund et al., 1985) . The normal RF size is smaller than predicted by this convergence/ divergence and this might be due to suppression of lateral inputs by inhibition. During blockade of inhibition, these subthreshold subcortical inputs might become effective and would also lead to a widening of the excitatory RF.
The moderate increase in total size of simple and complex cell RFs during blockade of GABA A inhibition was not significant when tested with the t-test. In contrast, the ON and OFF subfields of simple and complex cells displayed stronger increases in size and reached significance when the test was applied to the whole sample of cells (Table 1) . This difference between changes in total RF size and subfield size might be related to the small sample sizes, however, it seems to indicate that cortical inhibitory interactions are predominantly engaged in sculpturing RF substructure rather than limiting the outer boundaries of the RF area.
Temporal aspects of bicuculline effects
After blockade of inhibition, the late response disappeared in half of the cells irrespective of cell type, and the overall duration of RFs decreased significantly. We interpret the spatiotemporal pattern observed in the time series of simple cell x-y-plots (Fig. 2 ) and x-tplots (Figs 4-6 ) in the following way: the RF is subdivided into bright-on and dark-on regions which are responsible for the excitatory ON and OFF subfields of the early phase, and reflect convergent subcortical on-and off-cell inputs (Hubel & Wiesel, 1962; Ferster, 1988) . The late response to a dark bar at a location that shows an early bright-on response (ON subregion) is due to a dark-off response, and the late response to a bright bar in a dark-ON location (OFF subregion) is elicited by terminating the bright stimulus (originally described as 'off' response by Hubel & Wiesel, 1959 , 1962 ; 'exit' response in Eckhorn et al., 1993) . Ohzawa et al. (1996) came to a different conclusion when testing the effect of stimulus duration with short stimuli between 13 and 53 ms. They conclude that the x-t-RFs represent intrinsic response properties largely independent of the stimulus parameters. However, for responses to flashed stimuli with durations of about 50 ms and less, the early and late phases of the response can be partially superimposed (e.g. figure 6 in Ohzawa et al., 1996 , where the early response terminates after between 107 and 121 ms, and the response latency is 28 ms), and the beginning of the late response can be largely dependent on the end of the early response. Therefore, we used longer stimulus durations to test the nature of the late response. The late responses appeared proportionally later, when the stimulus duration was longer than 50 ms (e.g. 100 ms in Fig. 6D ). When we compared the late response to 50 and 100 ms stimuli in the same cell, it was delayed by 50 ms when the 100 ms stimuli were used. Therefore, we conclude that the late response was coupled with stimulus offset. The late response in complex cells is interpreted in the same way on the basis of spatially superimposed ON and OFF subunits. The response to the switching off of a dark stimulus in an ON subregion can either be associated with the increase in luminance at this location or the disinhibition following termination of inhibition exerted by the dark stimulus in the ON subregion (Ferster, 1988) , or to a combination of both.
The possible disinhibitory and excitatory components of the late response cannot be separated with extracellular recordings. However, blockade of inhibition as used in this study shows that disinhibition plays an important role for this response. We suggest a cortical post-inhibitory excitation ('rebound') as the underlying mechanism (Steriade, 1991) . During hyperpolarization after onset of an inhibitory stimulus (e.g. ON stimulus in OFF region and vice versa), different voltage-dependent inward currents are deinactivated (possible candidates are the low-threshold activated Ca 2ϩ currents, Giffin et al., 1991 , and the Na ϩ current) and can therefore readily be activated by the depolarization after stimulus termination. The depolarization is associated with the end of the stimulus-induced inhibition and an additional excitatory effect of the change in luminance at stimulusoff. The effect of bicuculline on the late response can then be explained by the missing deinactivation and the resulting loss of facilitation for the stimulus-off response.
The afterhyperpolarization and following rebound excitation do not contribute to the late response; if so the late response parts should be of the same sign as the primary response, i.e. a late ON field should follow an early ON subfield. But this is not observed in simple cells. However, the long afterhyperpolarization of cortical pyramidal © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 3596-3606 cells (several mV in amplitude and several 100 ms in duration, McCormick et al., 1985) might contribute to the weakening and suppression of late responses following the strong primary response under GABA A blockade. The delay time of about 30 ms was not influenced by bicuculline, suggesting this first response to not be influenced by GABA A inhibition.
Local computation of RF properties in layers II/III of area 18
The early response still present under blockade of GABAergic inhibition resembles the spatiotemporal properties of LGN Y-cell inputs (Eckhorn et al., 1993; Reid & Shapley, 1992; Golomb et al., 1994) , and is very different from the spatiotemporal profiles of simple cells observed in area 17 (DeAngelis et al., 1993a (DeAngelis et al., , 1993b (DeAngelis et al., , 1995 . This underlines the de novo computation of RF properties in layers II/III of area 18. In fact, only little loss of functional specificity in cells of area 18 has been found after acute and chronic lesions and reversible cooling of area 17 (Dreher & Cottee, 1975; Donaldson & Nash, 1975; Sherk, 1978) in spite of the substantial associational input from area 17 (Garey et al., 1968; Wilson, 1968) . Like area 17 (Somogyi et al., 1983; Kisvárday et al., 1985 Kisvárday et al., , 1987 , area 18 is characterized by an elaborate system of GABAergic circuitry (Matsubara et al., 1987; Kisvárday et al., , 1994 . The changes in spatiotemporal RF profiles observed here after blockade of GABA A receptors with bicuculline strongly indicate that this GABAergic circuitry is essential for many cells in layers II/III of area 18 to generate specific spatiotemporal RF properties, e.g. the separation of subfields in simple cells and the late response of a subfield to a stimulus of opposite sign. The simple cell (Fig. 6C ) and three complex cells (Fig. 6H ,J,M) in our sample that showed no or only little change during bicuculline microiontophoresis might be explained by insufficient blockade of inhibition, weak contributions of inhibition and the prevalence of either area 17 inputs (Fig. 6C ,J,M) or subcortical inputs (Fig. 6H ) in individual cells.
The observed widening of subfields and the loss of late response components seems to imply a shift of tuning towards lower spatial frequencies in simple cells. In the only available bicuculline study in area 18 of the cat, Vidyasagar & Heide (1986) reported that spatial frequency tuning and orientation sensitivity remained largely unaffected, while there was a substantial broadening of temporal frequency tuning during bicuculline application. The two studies are, however, not directly comparable because we used flashing, small, aperiodic stimuli for spatiotemporal RF mapping, while Vidyasagar and Heide used moving, full-field, sinusoidal gratings to judge the tuning properties from the resulting peristimulus time histograms. In the temporal domain, one could speculate that the antagonistic ('rebound') response would enhance the response to a moving grating and might lead to a narrowing of temporal frequency tuning if the underlying post-inhibitory excitation is frequency dependent; then, indeed, loss of this property during bicuculline application would lead to broadening of temporal frequency tuning.
With regard to the fundamental differences in specialization between cat and primate area 18, e.g. the direct geniculocortical input and the lack of a distinct colour pathway in the cat, the question remains open in how far the observed de novo computation of RF properties represents a general feature of early extrastriate processing or intracortical mechanisms special to layers II/III of area 18 of the cat. 
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GABA γ-aminobutyric acid RF receptive field RSF receptive subfield
